[1] The present study focuses on a modeling of the seasonal and diurnal effects on the dynamics of the coupled magnetosphere-ionosphere system under different solar illumination conditions, to try to reproduce some of the observations concerning the region 2 (R2) field-aligned currents (FAC). This is performed by introducing in the Ionosphere Magnetosphere Model (IMM) the Earth's rotation axis tilt, the dipole axis tilt and an eccentric dipole. The simulated patterns of the R2 FAC agree rather well with the observations. In particular the dayside FAC density is two times greater in the summer hemisphere than in the winter one. The results show that seasonal tilt of the dipole axis affects the distributions of the Pedersen conductances and FAC by 28.5-52.8% and do not have much influence on the distribution of the magnetospheric plasma, which is modified by only 0.9-3.9%. The diurnal variations induced by the tilt of the dipole axis are of the same order of magnitude, 5.5-29% for the Pedersen conductances and FAC and 0.4-7.1% for the magnetospheric plasma. They modulate the interhemispheric asymmetry of the FAC by 26-59%. The eccentric dipole induces an increase (decrease) of the daily variations of the conductances and the FAC by a factor 1.2-2.3 in the Southern (Northern) Hemisphere, irrespective of the season, which contributes to increase the asymmetry between the two hemispheres. This results in an increase of the daily variations of the ion maximum pressure and of the electron maximum energy flux at the December solstice and at the March and September equinoxes, but a decrease at the June solstice. The maximal variation of the magnetospheric plasma distribution amounts to 6.7% at December solstice. These results underline the importance of considering the three different effects at the same time.
Introduction
[2] The magnetosphere is a complex system where numerous physical phenomena take place. It is strongly coupled to the solar wind and to the Earth's upper atmospheric layers and evolves depending on their relative state. In particular, seasonal effects have been observed. The geomagnetic activity tends to be higher around the equinoxes [Russell and McPherron, 1973; Mayaud, 1978 Mayaud, , 1980 Crooker and Siscoe, 1986; Crooker et al., 1992; Cliver et al., 2000 Cliver et al., , 2001 and the solar-produced conductivities are enhanced in the summer hemisphere. The conductivities depend not only on season, but also on the spatially varying geomagnetic field strength [e.g., Wagner et al., 1980; Gasda and Richmond, 1998 ].
[3] Seasonal variations also modify the distribution of the field-aligned currents (FAC). Lu et al. [1994 Lu et al. [ , 1995 used the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) procedure to derive conjugate patterns of the convection electric potential and of the region 1 (R1) and region 2 (R2) FAC densities to stress the interhemispheric differences. On January 28 -29, 1992 , under southward IMF condition, and for a total cross-polar-cap potential drop ranging from 85 to 94 kV, the total downward current (i.e., the radial component of the inward FAC integrated over the area poleward of ±50°magnetic latitude) was found greater in the summer hemisphere ($6.3 MA) than in the winter one ($4.4 MA) . Globally, the current densities were found higher in the summer hemisphere and the R2 FAC flowing in the winter hemisphere were roughly bounded between 1500 MLT and 1000 MLT (i.e., mainly on the nightside). For solstices, from statistical studies based on data from Ørsted and MAGSAT, Papitashvili et al. [2002] showed that the ratio of the total summer downward FAC over the total winter downward FAC depends on the orientation of the IMF and varies between 0.92 and 1.57. For the total upward currents, this ratio takes values between 1.31 and 1.62. On average the total downward or upward FAC are larger by a factor 1.35 in summer than in winter. These results are in agreement with Ridley et al. [2004] , who showed in a MHD simulation study that solar-produced conductances promote the closure of FAC in sunlight. For equinox conditions, Papitashvili et al. [2002] found the total currents to be symmetrically distributed between the two hemispheres, and Ohtani et al. [2005a] showed the FAC to be more intense around the equinoxes than around the solstices (consistent with the idea that the geomagnetic activity tends to be higher around the equinoxes than around the solstices). Ridley et al. [2004] and Ridley [2007] studied the seasonal asymmetry of the FAC with a combination of MHD and empirical models, and found that the modeled ratio of total R1 plus R2 FAC in summer to those in winter can be consistent with observations if the statistically observed seasonal variation of auroral particle fluxes (winter 20% larger than summer) is taken into account.
[4] The seasonal effect on the FAC is in fact complex and depends on the location of FAC, with dayside FAC reacting differently from nightside FAC. Fujii et al. [1981] and Fujii and Iijima [1987] have shown that the dayside FAC increase by a factor of 2 and their latitude increases by 1°t o 3°in the summer hemisphere with respect to the winter hemisphere. These results are corroborated by recent statistical studies based on data from Ørsted and MAGSAT Papitashvili et al., 2002] , DMSP [Ohtani et al., 2005a [Ohtani et al., , 2005b , Polar and IMAGE [Østgaard et al., 2005] and CHAMP [Wang et al., 2005] The seasonal variations of the FAC seem more complex on the nightside [Fujii et al., 1981; Fujii and Iijima, 1987] . Indeed, whereas some of these observations reported no significant seasonal variation of the R1 and R2 current intensity on the nightside [Fujii et al., 1981; Fujii and Iijima, 1987; Christiansen et al., 2002; Wang et al., 2005] , the others showed a preference for the large-scale field-aligned currents to flow in the winter hemisphere [Ohtani et al., 2005a [Ohtani et al., , 2005b Østgaard et al., 2005] . The latter results are supported by the observations of intense auroras occurring preferentially under dark conditions, where field-aligned electric fields are found [Newell et al., 1996 [Newell et al., , 2005 .
[5] Ohtani et al. [2005a Ohtani et al. [ , 2005b showed an equatorward displacement of the nightside FAC in the summer hemisphere and a poleward displacement in the winter hemisphere, the reverse of the dayside FAC. They explained that this displacement is most likely due to the interhemispheric asymmetry of the magnetospheric configuration and, to a smaller extent, to the higher ionospheric conductivities on the dayside.
[6] Parts of these seasonal effects on the FAC can be due to the interaction between the magnetosphere and the ionosphere. In the inner magnetosphere, plasma motion results from the combined action of the convection electric field and plasma pressure gradients. The latter effect is responsible for a charge separation and the appearance of a partial ring current. The R2 FAC that originate there close in the ionosphere and, together with energetic precipitating particles, modify the electrical properties of the ionosphere. The modified ionospheric electric potential is then transmitted to the magnetosphere along the highly conductive magnetic lines of force, and in turn affects the plasma transport.
[7] The Ionosphere Magnetosphere Model (IMM) [Peymirat and Fontaine, 1994b] describes the magnetospheric and ionospheric plasma dynamics, taking feedback into account. From an initial state, the IMM computes the temporal evolution of the ion and electron density, temperature and pressure, and also the electric potential in the magnetospheric equatorial plane. Furthermore, it calculates the particle precipitations along with the distributions of R2 fieldaligned currents and ionospheric electric potential. Among other things, the magnetic field is assumed dipolar, and in previous studies the dipole axis was assumed to be aligned with the Earth's rotation axis and perpendicular to the Sun-Earth line, so that both hemispheres were equally illuminated and symmetric. As such, it could therefore not simulate seasonal effects on the dynamics of the coupled magnetosphere-ionosphere (M-I) system.
[8] Another model of inner-magnetospheric plasma convection is the Rice Convection Model (RCM) [see Wolf et al. [2006] and references therein]. The RCM differs from the IMM in that it uses a kinetic rather than fluid formalism for the description of magnetospheric particle convection, and it allows for distortion of the geomagnetic field from a dipole in the magnetosphere. Similar to the IMM, the RCM has until now assumed that the Earth's internal magnetic field is a centered dipole oriented perpendicular to the Sun-Earth line, and that the ionospheric electric potential and field-aligned currents are symmetric about the dipole equator. Wolf et al. [2006] developed a formalism based on Euler potentials [Stern, 1970] to overcome these limitations.
[9] The present study focuses on a modeling of the seasonal and diurnal effects on the dynamics of the coupled magnetosphere-ionosphere system under different solar illumination conditions, to try to reproduce some of the observations concerning the R2 FAC with the IMM. This is performed by introducing in the IMM a tilt of the dipole axis toward or away from the Sun. We consider cases where the dipole axis is either aligned with the Earth's rotation axis or tilted relative to it, and cases where the dipole is either at or displaced from the Earth's center (hereafter respectively referred to as the centered dipole and the eccentric dipole). In all cases the IMM coordinates are defined relative to the location and orientation of the dipole.
[10] The R1 currents and cross-polar-cap potential depend in a complex manner on the ionospheric conductances and are coupled to the R2 currents [e.g., Fedder and Lyon, 1987; Christiansen et al., 2002; Ridley et al., 2004] . The IMM can make predictions only about the region-2 currents and electric potential equatorward of its high-latitude boundary, for a given potential across this boundary. Thus the present study is limited to examining seasonal effects only equatorward of its high-latitude boundary (or inside the outer boundary in the magnetospheric equatorial plane), for a given potential across this boundary. The value of this is to understand better how the effectiveness of shielding depends on season. A more realistic evaluation of this effect could be performed coupling the IMM with an MHD code as has been done with the RCM , but this is beyond the scope of the present study.
[11] The next section introduces the model and the runs we carried out, section 3 presents the results, and section 4 compares the results with the observations.
Description of the Model

Generalities About the IMM
[12] The calculations are made on two independent grids, one ionospheric and the other magnetospheric, both in a solar magnetic (SM) frame (the Z axis is antiparallel to the magnetic dipole, the X-Z plane contains the direction of the Sun, and the Y axis, perpendicular to the Sun-Earth line, points toward dusk). This system rotates with both a yearly and a daily period with respect to the geocentric equatorial inertial (GEI) system (the Z axis is parallel to the Earth's rotation axis and the X axis is directed toward the Sun at March equinox).
[13] The magnetospheric grid lies in the magnetic equatorial plane (i.e., the X-Y plane). It has 31 Â 40 points (radius and longitude, respectively) distributed evenly in radius between 1.074 and 10.44 Earth radii (R E ), which correspond to 15.20°and 71.97°invariant latitude, and evenly in magnetic longitude between 0000 and 2400 magnetic local time (MLT). The ionospheric grid has 25 Â 80 points (magnetic latitude and longitude, respectively) distributed unevenly in invariant latitude between 15.20°and 71.97°but evenly in magnetic longitude. The latitudinal grid spacing is smaller near the regions of interest like the auroral zone and the poleward boundary of the equatorial electrojet.
[14] The low-latitude boundary has been chosen so that in the case of the eccentric dipole all lines of force in the computational domain extend beyond the Earth's surface.
Computation of Height-Integrated Conductivities
[15] In the IMM, two sources of ionization and conductivity are considered: solar EUV radiation and precipitating electrons from the magnetosphere [Fontaine et al., 1985] . It is assumed that the respective contributions to the Pedersen and Hall conductances (height-integrated conductivities) combine quadratically:
where AE P,H dip are the total conductances for a dipolar geomagnetic field, AE P,H are the solar components, and DAE P,H are the auroral particle components. DAE P and DAE H depend on the mean energy E and the energy flux G of precipitating electrons [Harel et al., 1981] :
where the conductances are expressed in Siemens (S), the electron mean energy in keV and the electron energy flux in mW m À2 .
[16] More than three years of EISCAT CP-3 experiments were used to derive statistical models for large-scale convection ionospheric electric fields [Alcaydé et al., 1986; Senior et al., 1990] and for ionospheric conductances [Senior, 1991] , for three ranges of the magnetic activity index Kp (0 < Kp < 2-, 2 < Kp < 4 -and 4 < Kp < 6 -). They served as a basis to study the large-scale distributions of ionospheric horizontal and field-aligned currents [Peymirat and Fontaine, 1994a; Peymirat, 1996, 1997] and to infer polar cap convection patterns .
[17] For the solar conductance component, we favored the conductance model of Senior [1991] for the present simulations instead of that of Blanc and Richmond [1980] previously used in IMM simulations, since the former is directly derived from radar measurements. We performed several test runs to compare the conductance models of Senior [1991] and Blanc and Richmond [1980] , and the differences are less than 10%. For moderate magnetic activity and the solar zenith angle c not exceeding 90°, the solar conductances are modeled as [Senior, 1991] :
(where c is in degrees), whereas one takes background values of 0.2 and 0.4 Siemens for AE P (c) and AE H (c), respectively, when c > 105°. A smooth parabolic interpolation is applied between 90°and 105°.
[18] Given a point at the Earth's surface with geographic latitude l G and longitude 8 G , one computes c from:
to get the solar-produced Pedersen and Hall conductances. The seasonal and diurnal variations appear through the declination angle d and the local time angle 8 LT , respectively:
with UT the Universal Time, LT the Local Time (both in hours), and QRT the season parameter that is equal to the number of quarters of a year passed since the December solstice (QRT = 0). This parameter serves as an input to the model, with the March equinox, the June solstice and the September equinox having values of 1, 2, and 3, respectively.
[19] For a realistic geomagnetic field, the total conductances AE P,H dip must be corrected by a factor that depends on the ionospheric magnetic field strength B i [Gasda and Richmond, 1998 ]:
where AE P,H are the corrected conductances. In case of a centered dipole, the correction factor is equal to 1 and AE P,H = AE P,H dip .
Computation of the Ionospheric Electric Potential
[20] The equation of the ionospheric electric potential solved in the IMM was introduced by Fontaine et al. [1985] , who assumed a thin shell approximation. The use of a more realistic magnetic field like an eccentric dipole requires changing the equation for the ionospheric 
Gagnepain et al. [1975] used dipolar coordinates to study the longitudinal gradients in the equatorial electrojet. Here we use a similar formalism except that our calculations extend from the polar cap to the equatorial electrojet, and we take into account pressure driven currents from the magnetosphere. Neglecting ionospheric winds we have the following set of equations to solve:
where J is the current density, s // , s P , s H are the parallel, Pedersen, and Hall conductivities, e a , e 8 , e b are unit vectors, and J M is a non-ohmic transverse magnetospheric component [e.g., Richmond, 1995] . Within the slow-flow region, in the case of a dipole, J M is given by Vasyliunas [1970] and Wolf [1983] :
where B is the amplitude of the magnetic field.
[21] The equation of the ionospheric electric potential F can be obtained by integrating h a h 8 h b r Á J with respect to b along a line of force from one end, at the southern base of the conducting ionosphere, to the other end, at the northern base, and noting that J b = 0 at each end [Gagnepain et al., 1975] . We assume s // to be infinite (e.g., E b = 0), so that for quasi-static conditions (h a E a ) and (h 8 E 8 ) are constant along a magnetic line of force (see equation (18) and Gagnepain et al. [1975] ). For an asymmetric magnetic field, the integration of the conductivities in the northern ionosphere has to be distinguished from that in the southern ionosphere. Furthermore, following Gagnepain et al. [1975] the line integrals of the conductances are approximated in each hemisphere by:
where AE P,H are the height-integrated conductivities, and I is the dip angle of the magnetic field crossing the ionosphere. Taking into account the conservation of the plasma pressure along the lines of force (i.e., rP Á e b = 0) and neglecting the azimuthal variation of the flux tube volume J (i.e., rJ Á e 8 = 0) the final equation to be solved is:
with:
The subscripts N and S refer to the Northern and Southern hemispheres, respectively. For an eccentric dipole the metric coefficients and |sin I| can differ between the two hemispheres. For a dipole geometry, they are the same at northern and southern conjugate points, and when the conjugate points have equal conductances, equation (21) reduces to the equation solved by Peymirat and Fontaine [1994b] .
Computation of R2 Field-Aligned Currents
[22] The field-aligned currents j // connect the non-ohmic transverse magnetospheric component J M with the ionospheric currents. The northern and southern R2 FAC j //N and j //S are obtained by limiting the integration of h a h 8 h b r Á J respectively to the northern and southern ionospheres [e.g., Gagnepain et al., 1975] :
where the subscripts N and S refer to the Northern and Southern Hemispheres, respectively. In the Northern Hemisphere j //N are positive when they flow into the ionosphere and negative when they flow out of the ionosphere; reversed signs apply to the Southern Hemisphere.For an aligned dipole with conductances that are symmetric in each hemisphere (that is, AE ij N = AE ij S ), equations (26) and (27) combined with equation (21) lead to the expression of the current density used by Peymirat and Fontaine [1994b] .
Eccentric Dipole
[23] The magnetic dip poles are the two points at the Earth's surface where the magnetic field is vertical. Fraser-Smith [1987] showed that their secular variations are better reproduced with an eccentric dipole than with a centered dipole. The eccentric dipole has the same strength and direction as the centered dipole, but is displaced from Earth's center such that those quadrupole components of the geomagnetic field that are either longitudinally symmetric or have one cycle in magnetic longitude, computed with respect to the location of the eccentric dipole, are zero [Schmidt, 1934; Bartels, 1936; Chapman and Bartels, 1940; Fraser-Smith, 1987] . The geographic Cartesian coordinates of the center of the eccentric dipole provided by the IGRF 1965 model are x 0 = À5.8 Á 10
À2 R E , y 0 = 3.5 Á 10 À2 R E and z 0 = 2.1 Á 10 À2 R E . The corresponding eccentric-dipole poles, defined as the intersections of the eccentric-dipole axis with the Earth's surface, are at (l N , 8 N ) = (81.4°N, 86.2°W) and (l S , 8 S ) = (75.2°S,119.7°E).
[24] The eccentric dipole introduces interhemispheric asymmetries of the conductances at the equinoxes (d = 0), when the solar zenith angles of the magnetic poles are given by (see equations (6), (7) and (8)):
[25] The maximum conductances at the poles are reached when the solar zenith angles are minimum (see equations (4) and (5)), that is, when cos c N = cos l N and cos c S = cos l S . The magnetic South Pole lies at a lower latitude than the northern pole (|l S | < l N ), so that the diurnal variations of the equinox conductances are greater in the Southern Hemisphere (cos l S > cos l N ).
[26] Since the magnetic field strength is larger at the northern magnetic pole than at the southern pole, the conductances are generally larger in the Southern Hemisphere for comparable solar zenith angles, according to (9). The hemispheric differences in metric coefficients and magnetic inclination, which affect the conductances as shown in (22) - (24), are found to have considerably smaller influences on the conductances than do the variations of solar zenith angle and magnetic field strength.
Description of the Runs
[27] We performed three sets of simulations starting each time from an empty magnetosphere without any FAC. The initial distribution of the ionospheric electric potential thus only depends on the solar-produced conductances. The source of magnetospheric plasma lies between 1800 MLT and 0600 MLT on field lines that intersect the dipole equatorial plane at a distance of 10.44 R E , which is conjugate with the polar cap boundary.
[28] The boundary conditions are chosen to correspond to moderate magnetic activity (Kp $ 3): the potential drop across the polar cap is set to 50 kV [Fontaine et al., 1985] , the source temperatures for ions and electrons are set respectively to 5 keV and 1 keV, and the source density to 0.4 cm À3 as Richmond et al. [2003] . [29] At 0000 UT, the beginning of the simulations, the magnetospheric plasma flows in the sunward direction and fills the inner magnetosphere. As the plasma approaches the Earth, its pressure tends to increase due to adiabatic compression, which opposes the pressure decrease induced by the loss of particles that precipitate into the high-latitude ionosphere. About 10 to 15 h are necessary to reach a steady state. We perform all the simulations for 60 h. The results show periodic variations of period one day (see sections 3.2 and 3.3), so we shall display them between 24 h and 48 h of simulated time, which correspond to 0000 UT and 2400 UT, respectively.
[30] First, we assume a centered dipole aligned with the Earth's rotation axis. Then, a tilt of the dipole axis relative to the rotation axis is added, and finally an offset of its center relative to the Earth's center is considered. For each type of dipole geometry, we perform four runs, corresponding to solstices and equinoxes.
Results of the Numerical Simulations
No Dipole Tilt or Offset
[31] In order to separate seasonal and diurnal effects, a first set of simulations is performed assuming no dipole tilt and no center shift (case NT: No Tilt). Figure 1 shows the steady state distribution of the ion plasma pressure in the magnetic equatorial plane for (a) solstices and (b) equinoxes. Due to symmetry considerations, the distributions are identical between both solstices and between both equinoxes.
[32] Both plots display a partial ring around the planet with a maximum (indicated by an arrow) located in the pre-midnight sector. The ion maximum pressure is slightly larger (3.48 nPa) during solstices than equinoxes (3.22 nPa). Table 1 gives the ion and electron maximum energy fluxes and pressures along with the locations of these maxima in the equatorial plane. One can see that going from solstice to equinox conditions, the electron pressure maximum decreases by 1.7%. It is located in the post-midnight sector at a greater distance from the Earth than the ion pressure maximum, and remains approximately at the same MLT for all seasons. Loss by precipitation, which is more effective for electrons than for ions [Peymirat et al., 1991] , prevents the electrons from moving close to the Earth. The energy flux due to particles that precipitate into the high-latitude ionosphere varies as p 3/2 , and its maximum follows the same tendency as the pressure maximum, with a 7% drop for ions and a 5.7% drop for electrons.
[33] The seasonal effect on the dynamics of the coupled magnetosphere-ionosphere system can be evaluated with the ratio maxÀmin maxþmin that gives the relative amplitude variation maxÀmin 2 about the average amplitude maxþmin 2
. From Table 1 , from equinoxes to solstices, one gets a variation of about [34] Figure 2 shows patterns of the northern (top panels) and southern (bottom panels) R2 FAC in the ionosphere for: (a, d) December solstice, (b, e) March equinox and (c, f) June solstice. The results are identical for the two equinoxes. The plots exhibit two asymmetric crescents lying on either side of the 1000 -2200 MLT meridian, which extend either on both the dayside and nightside or only in the dark region of the ionosphere. With regard to a single hemisphere, the extreme values of the current density (indicated by arrows) increase from winter to summer. For instance, at 0600 MLT in the Northern Hemisphere for the upward FAC (negative valued), the minimum increases by a factor 1.38 from December (a) to March (b), and then by a factor 1.57 from March to June (c). The equinox patterns (b, e) are similar: while the dawn crescents display a peak around 0600 MLT, the dusk crescents exhibit two smaller peaks at 1400 MLT and 2000 MLT. For comparison, in the summer hemisphere (c, d), the crescents widen equatorward, probably due to the deeper penetration of the ions at solstices, whereas in the winter hemisphere (a, f) they are thinner, likely because the ionospheric conductivities are restricted to the precipitation zone. At the solstices the interhemispheric difference in current intensity can reach up to 0.43 mA m À2 in absolute value.
[35] Table 2 gives for the same three periods as in Figure 2 the upward and downward currents ( j // sin I) integrated over the surface of the Earth:
together with the Pedersen conductances integrated over the surface of the Earth:
where l M is invariant latitude and 8 M is magnetic longitude. The numerical integration was performed between l M = 71.97°and l M = 59.55°invariant latitude for the Northern Hemisphere, and between their magnetic conjugates for the Southern Hemisphere. The value 59.55°was chosen because it corresponds to a circle of constant invariant latitude of the ionospheric grid, above which the amplitude of the simulated R2 FAC is greater than or equal to 0.1 mA m À2 in absolute value. The background value of 0.1 mA m À2 was considered in agreement with Christiansen et al. [2002] , who disregarded currents of smaller amplitude.
[36] Upward and downward currents have been integrated separately to assess their respective contributions. As the precipitation rates are the same for both hemispheres, the conductances they produce in each hemisphere are identical. Integrated over the Earth, they reach a value of 38.4 TS m 2 at equinox and a larger value of 39.6 TS m 2 at solstice. Table 2 shows that the total upward and downward currents increase with the area-integrated auroral conductances, which is expected from equations (26) and (27). The total amount of downward current from the magnetosphere is slightly different from the total amount of upward current from the ionosphere, probably due to the absence of the R1 FAC, which have not been taken into account in this study. Indeed, the total downward current (including R1 and R2 currents) must balance the total upward current [Fujii et al., 1981; Peymirat, 1996, 1997; Christiansen et al., 2002] .
[37] The effect of the seasons on the total Pedersen conductance and the total upward and downward FAC can be evaluated from Table 2 [38] Particle precipitation and field-aligned currents contribute to the modification of the electric properties of the ionosphere. Figure 3 illustrates the steady state MLT distributions for solstice conditions (solid curves) and equinox conditions (dotted curves) of the southward (top panels) and eastward (bottom panels) components of the ionospheric electric field at auroral (65°)(a, c) and middle (45°)(b, d) invariant latitudes. It can be noticed that the southward component dominates the eastward component at high latitudes, whereas both components are of the same order of magnitude at middle latitudes. Peymirat and Fontaine [1994b] found a similar behavior but with greater amplitudes.
[39] The peak-to-peak amplitude of the high latitude meridional and azimuthal components are found to be similar for equinoxes and solstices, indicating no seasonal dependence. In contrast, at middle latitude the peak-to-peak amplitude increases from equinox to solstice by 0.37 mV m À1 and 0.31 mV m À1 for the meridional and azimuthal components, respectively (i.e., a relative variation of about 19-29%), with the major differences located on the nightside ionosphere.
[40] The azimuthal separation of the electrons from the ions due to the pressure gradient drift is responsible for the appearance of an electric field that decreases the convection electric field close to the Earth and therefore decreases the penetration of the plasma into the inner magnetosphere: this is the so-called shielding effect [Block, 1966; Schield et al., 1969; Vasyliunas, 1970 Vasyliunas, , 1972 Pellat and Laval, 1972; Southwood, 1977; Senior and Blanc, 1984] . As it depends inversely on the conductances, it must be stronger when the conductances increase [Vasyliunas, 1972; Senior and Blanc, 1984] .
[41] Our results agree with the shielding effect mechanism. Indeed, during solstices the conductances are higher in the summer hemisphere than in the winter one due to the solar illumination. This interhemispheric asymmetry leads to a shielding effect that is slightly less pronounced, as compared with the equinoxes (see Figure 3) . Accordingly, the protons penetrate closer to the Earth and their pressure increases (see Figure 1 ; Table 1), which results in an increase of the current.
[42] The total downward and upward current intensities (which are obtained by summing the northern and southern downward and upward currents intensities) are (1.75 + 0.541) MA = 2.29 MA and (1.41 + 0.785) MA = 2.20 MA at solstices and (1.07 Â 2) MA = 2.14 MA and (0.997 Â 2) MA = 1.99 MA at equinoxes (see Figure 2 and Table 1 ).
[43] As the energy flux of precipitating electrons controls the amplitude of the conductances mainly on the nightside, the distribution of the field aligned currents will be different in the two hemispheres. For instance, as illustrated in Figure 2 , the FAC are mainly located on the nightside in the winter hemisphere corresponding to the location of the precipitating electron belt (a, f), whereas in the summer hemisphere the FAC are located everywhere due to the sun produced conductances (c, d).
[44] As a conclusion, the seasonal effect predicted by the IMM can be summed up as follows:
[45] * variations of the Pedersen conductances by 45.7% and of the FAC by 28.5-52.8%; Figure 3 . Steady state MLT distributions of the southward (top panels) and eastward (bottom panels) ionospheric electric field at (a, c) 65°and (b, d) 45°invariant latitude in the Northern Hemisphere for case NT. Solid curves correspond to solstice conditions whereas dotted curves correspond to equinox conditions. A09217
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[46] * variations of the midlatitude ionospheric electric field by 19-29%;
[47] * variations of the ion and electron maximum pressure by 0.9-3.9% and of the ion and electron maximum energy flux by 2.9-3.6%.
[48] The fact that the variations of the extrema of the pressure and the energy flux do not follow those of the Pedersen conductances and of the FAC reflects the nonlinearity of the coupled magnetosphere-ionosphere system and the fact that both hemispheres contribute to the dynamics of the magnetospheric plasma.
Addition of Dipole Tilt: Diurnal Effects
[49] To evaluate the effect of the diurnal variation of the conductivities, a tilt of the magnetic dipole axis relative to the Earth's rotation axis was introduced. The geographic coordinates of the magnetic North Pole (78.6°N, 69.8°W) correspond to the dipole component of the International Geomagnetic Reference Field (IGRF) for epoch 1965 [Peddie, 1982] . The south magnetic pole is geographically antipodal to the north magnetic pole. Consequently, as the planet rotates, the magnetic equatorial plane precesses about the rotation axis. This time-varying inclination of the magnetic axis relative to the Sun-Earth line generates diurnal fluctuations of the conductances in magnetic coordinates, produced by the variations of solar illumination. This case is referenced WT (With Tilt).
[50] Figure 4 shows daily variations of the total upward/ downward currents (top panels) along with the areaintegrated Pedersen conductances (bottom panels) for the December solstice (a, c) and March equinox (b, d) . In order to illustrate the differences introduced by the dipole-axis tilt (blue curves), the previous results obtained without tilt (NT) have been added (red curves). For both cases, the currents and the Pedersen conductances have the same order of magnitude, but they present cyclic variations around the steady values for case WT. At the March equinox (b, d), without dipole tilt (red curves) the upward currents, the downward currents and the conductances are the same in both hemispheres.
[51] At the solstices the auroral zone is almost always illuminated in the summer hemisphere and almost always For the currents, the solid and dash-dotted curves are for the northern dusk and dawn, and the dotted and dashed curves are for the southern dusk and dawn, respectively. For the conductances, solid and dashed curves are for the Northern and the Southern hemispheres, respectively. Blue curves are for a centered tilted dipole (case WT), and red curves are for an aligned dipole (case NT). At March equinox (b) for case NT (red curves), both dusk curves are the same and both dawn curves are the same. The northern and southern Pedersen conductances are also the same (d).
dark in the winter hemisphere, although the intensity of summer-time illumination over the polar region varies as the Earth rotates and the solar zenith angle varies. The area-integrated conductances are therefore larger and display greater variations in the summer than in the winter (Figure 4c ). For a given hemisphere, the daily variations of the total upward/downward currents (Figures 4a, 4b) follow the variations of the surface-integrated conductances (Figures 4c, 4d) . Indeed, the two hemispheres can be schematized by two resistors, 1/AE N and 1/AE S , wired in parallel via the highly conductive magnetic field lines. The R2 FAC that originate from the magnetosphere split into the northern and the southern R2 FAC, the intensities of which vary in the same way as the northern and southern distributions of conductances AE N and AE S , respectively.
[52] As can be seen from Figures 4a and 4c for the December solstice, and from Figures 4b and 4d for the March equinox, the diurnal variations of the conductances induce a diurnal variation of the R2 FAC intensity with extrema at 0500 UT and 1700 UT. The universal times of the extrema occur when the dipole has its maximum tilt toward or away from the Sun. (Figure 4b ), at dusk, the diurnal variations of the conductances introduce for the WT case at 0500 UT and 1700 UT an interhemispheric difference of the FAC of about (1.40-0.77) MA = 0.63 MA, while there is no interhemispheric difference for the NT case, where one has an average value of about 1.07 MA for the total amplitude of the FAC. This corresponds to a variation of the FAC by a factor of about 0:63 1:07 = 59%.
[53] Not only the FAC but also the maxima of the ion and electron pressure, temperature, density, particle and energy flux, display cyclic variations with a period of one day (figures not shown). Figure 5 completes the case study introducing the seasonal dependence of the maximum and minimum daily values of (a) the total upward/downward currents, (b) the ion maximum pressure, (c) the areaintegrated Pedersen conductances and (d) the electron maximum energy flux, simulated with the dipole tilt (case WT). The tops of the yellow or light green bars and of the red or dark green bars represent the respective minimum and maximum daily values. Reported on the figure are also the values simulated for case NT. These correspond to the tops of the orange or green bars. In panel (a), negative values are for currents flowing antiparallel to the magnetic field. In panels (a, c) yellow-red series are for the Northern Hemisphere while the green-series are for the Southern Hemisphere. Once more, it can be noted that the total upward/ downward intensities are related to the conductances: the largest ones are obtained in the summer hemisphere, and the smallest ones in the winter hemisphere. Furthermore, the results are similar for the two solstices and for the two equinoxes, as expected.
[54] At the December solstice, for the downward FAC (Figure 5a ; positive FAC in the Northern Hemisphere but negative FAC in the Southern Hemisphere), one has a fractional daily variation of about 0:76À0:46 0:76þ0:46 = 24.6% in the Northern Hemisphere and 2:0À1:4 2:0þ1:4 = 17.6% in the Southern Hemisphere. For the upward FAC, one gets a variation of about 5.5% and 14.3% in the Northern and Southern Hemispheres, respectively. Similar variations are calculated for the June solstice. For the two equinoxes, the fractional daily variations are larger than at solstice, about 29% and 15.9% for the downward currents and upward currents, respectively, in both hemispheres.
[55] At the December solstice, for the Pedersen conductances (Figure 5c ), the fractional daily variations are about 64À45 64þ45 = 17.4% in the Northern Hemisphere and 164À108 164þ108 = 20.6% in the Southern Hemisphere. Similar variations are calculated for the June solstice for the opposite hemisphere. For the two equinoxes, the variations are 23.5% in both hemispheres.
[56] The ion maximum pressure and electron maximum energy flux are also affected by the varying solar illumination conditions. For the ion maximum pressure (Figure 5b ) the fractional daily variation is roughly [57] To summarize, the dipole tilt induces modifications with respect to the no tilt (NT) case as follows:
[58] * variations of the interhemispheric asymmetry of the FAC between 26% and 59% depending on the season;
[59] * diurnal variations of the Pedersen conductances with respect to their mean values of about 17.4 -23.5%;
[60] * diurnal variations of the FAC with respect to their mean values of about 5.5-29%;
[61] * diurnal variations with respect to their mean values of 1.5 -4.2% for the ion maximum pressure and of 0.4-7.1% for the electron maximum energy flux.
[62] These daily variations induced by dipole tilt are about the same order as those induced by the seasons (case NT), illustrating that the diurnal and the seasonal effects have to be taken into account simultaneously to be modeled in a satisfactory way. One should note that these variations are very dependent on the season. For instance, at solstice, the daily variations of the ion maximum pressure (Figure 5b , case WT) exceed its seasonal variations (Figure 5b , case NT), while they are small at equinoxes (Figure 5b , case WT). The electron maximum energy flux follows the same trend (Figure 5d ).
Eccentric Dipole
[63] The eccentric-dipole case study is referenced hereafter as case WS (With Shift). Figure 6 presents in a format similar to Figure 4 the total upward and downward currents and the area-integrated Pedersen conductances for the December solstice and the March equinox. The present values are very close to those obtained with case WT. It can be noted that the curves in the Northern Hemisphere systematically show a phase lag by about 1 -2 h in comparison with the southern ones, regardless of the date. This results from the geographic locations of the magnetic poles. For instance, around 1600 UT the solar zenith angle of the magnetic South Pole attains its maximum value so that the southern conductances are minimum (Figures 6a, 6b) . It is only after 1700 UT that the zenith angle at the north magnetic pole is smallest and the northern conductances are maximum. The opposite happens around 0400 UT and 0500 UT, respectively.
[64] During the March equinox the amplitude of the diurnal variation of the area-integrated conductances in the Southern Hemisphere (Figure 6d ) is about 114À64 96À64 = 1.6 times its value in the Northern Hemisphere (Figure 6d) and about 114À64 105À65 = 1.3 times its value for case WT (Figure 4d ). In the Northern Hemisphere the reverse happens, with WS variations smaller than those of the WT case. These effects are in accordance with the larger daily variations of solar zenith angle at the south magnetic pole than at the north magnetic pole, associated with the lower geographic latitude of the south magnetic pole due to the eccentricity of the dipole.
[65] Comparing the daily variations of the total upward and downward currents in both hemispheres at the March Figure 6 . Daily variations of the area-integrated magnitudes of the dawnside upward and duskside downward R2 currents (top panels), and daily variations of the area-integrated Pedersen conductances (bottom panels) for: (a, c) December solstice (QRT = 0) and (b, d) March equinox (QRT = 1). For the currents, the solid and dash-dotted curves are for the northern dusk and dawn, and the dotted and dashed curves are for the southern dusk and dawn, respectively. For the conductances, solid and dashed curves are for the Northern and the Southern hemispheres, respectively. Blue curves are for an eccentric dipole (case WS), and red curves are for an aligned centered dipole (case NT). At March equinox (b) for case NT (red curves), both dusk curves are the same and both dawn curves are the same. The northern and southern Pedersen conductances are also the same (d). (Figures 4c and 6c) , the WS diurnal variations increase with respect to those of the WT case in the Southern Hemisphere but decrease in the Northern Hemisphere. The southern variations are still larger than those in the Northern Hemisphere, as for the March equinox.
[67] Figure 7 gives additional information in a format similar to Figure 5 . Plots (a) and (c) confirm the tendency for the amplitudes of the cyclic variations to increase (decrease) in the Southern (Northern) Hemisphere irrespective of the season, when the shift of the dipole is added. This is accompanied by an increase in the amplitude of the daily variations of the ion maximum pressure and of the electron maximum energy flux at the December solstice and at the March and September equinoxes, but a decrease of these at the June solstice (see Figures 5b, 5d, 7b, and 7d) .
[68] The largest differences are found between the December solstice and the June solstice, where the variation amplitude of the ion maximum pressure is divided by 2 (see Figure 7b ) and the variation amplitude of the electron maximum energy flux is divided by 12 (see Figure 7d) . One should note that the variations of the ion maximum pressure and the electron maximum energy flux induced by the shift of the dipole center (case WS) are weak in comparison to those induced by the dipole axis tilt (case WT). For instance, at the December solstice, the maximum daily value of the ion pressure increases from 3.72 nPa (case WT, Figure 5b ) to 3.97 nPa (case WS, Figure 7b ), a relative increase of about or 11%.
[69] As a conclusion, the shift of the dipole induces the following modifications with respect to the WT case:
[70] * an increase of the daily variations of the conductances and the R2 FAC intensity in the Southern Hemisphere and a decrease in the Northern Hemisphere by factors between 1.2 and 2.3, irrespective of the season;
[71] * an increase of the daily variations of the ion maximum pressure and of the electron maximum energy flux at the December solstice and at the March and September equinoxes, but a decrease at the June solstice. These variations of about 6.7% are small compared with those induced by the tilt of the dipole of about 11%. However, they cannot be neglected because they induce some differences between the two solstices that do not occur when the shift of the dipole is disregarded.
[72] These results underline the importance to take into account at the same time in the simulations the three different variations of the conductances induced by the Earth's rotation axis tilt, the dipole axis tilt and a more realistic magnetic field like the eccentric dipole.
Comparisons With Observations
[73] In this section some predictions of the IMM are compared with observations only for case NT, because similar conclusions apply for cases WT and WS.
[74] The solar component of the conductances calculated from the model of Senior [1991] that we use depends only on the solar zenith angle, a parameter shown to have an influence on the FAC by recent CHAMP observations [Wang et al., 2005] . The peak densities presented in Figure 2 are in agreement with the observations presented by Wang et al. [2005] . Indeed, they are of the same order of magnitude and display the same behavior, with an increase of the dayside FAC intensity by more than a factor of 2 from winter to summer as reported by Fujii et al. [1981] Ohtani et al. [2005b] and Østgaard et al. [2005] .
[75] The ionospheric patterns of the R2 FAC are close to those derived by Lu et al. [1995] , especially for the winter hemisphere, where the R2 FAC are restricted to the nightside and present the same peaks near 0600 MLT and 1900 MLT, with, however, an underestimation of the amplitude at dusk in our results by a factor of about 3. This is maybe due to the fact that the cross polar cap potential drop in Lu et al. [1995] is about 94 kV, which is approximately twice the polar cap potential drop we used. The total downward FAC have been evaluated as 0.54 MA in the winter hemisphere and 1.75 MA in the summer hemisphere (see Table 2 ). The same tendency was found by Lu et al. [1995] but with greater values (4.4 MA and 6.3 MA). The differences can be due to the larger polar potential drop inferred from AMIE and to the fact that Lu et al. [1995] integrated the R1 and R2 FAC whereas we consider only R2 currents. As the R1 currents have a larger amplitude than the R2 currents, their contribution to the total integrated currents is large. Papitashvili et al. [2002] derived values of the total downward and upward field-aligned currents a little weaker than those of Lu et al. [1995] and showed that they are dependent on the orientation of the IMF. In winter the downward field-aligned currents amount to 2.6 -3.6 MA, whereas in summer one gets values of 2.9-3.4 MA. Those values are still larger than the ones computed with the IMM, due at least in part to the fact that the IMM does not include the contribution of the R1 currents. The same tendency is observed for the upward currents, with values of 1.8 -2.2 MA (2.8 -3.4 MA) in winter (summer), compared with 0.78 MA (1.41 MA) predicted with the IMM. [76] The present simulations (see Figure 2 ) are in agreement with MHD simulations performed by Ridley et al. [2004] , who showed that the field-aligned currents close mainly in sunlight, where conductances are large.
[77] The nightside R2 FAC density seems to vary little or not at all for different solar conditions, compared to the dayside R2 FAC density (see Figure 2 ), in agreement with Fujii et al. [1981] , Fujii and Iijima [1987] , , and Wang et al. [2005] . In contrast, Ohtani et al. [2005a] ; Ohtani et al. [2005b] ; Østgaard et al. [2005] showed a preference for the nightside FAC to flow in the winter hemisphere. Ohtani et al. [2005b] suggested the discrepancy to be the result of the satellites' space and time coverages. Newell et al. [1996 Newell et al. [ , 2005 suggested that these intense nightside FAC are linked with intense auroras occurring preferentially under dark conditions.
[78] On the dayside, our results (see Figure 2 ) display greater FAC density in the summer hemisphere as compared with equinox, by a factor 1.6 to 1.8. This is different from Ohtani et al. [2005b] , who found the FAC to be more intense around equinoxes than solstices, in agreement with a greater magnetic activity around equinoxes [Russell and McPherron, 1973; Mayaud 1978 Mayaud , 1980 Crooker and Siscoe, 1986; Crooker et al., 1992; Cliver et al., 2000 Cliver et al., , 2001 . We note that our simulations do not consider seasonal asymmetry of auroral particle precipitation, as was considered by Ridley [2007] .
[79] The interhemispheric asymmetry of the magnetospheric configuration is not considered in our simulations and no latitudinal displacement of the R2 FAC sheets appears from summer to winter, in contrast to observations by Ohtani et al. [2005a] , which suggests that the seasonal variations of the conductances do not affect the latitude of the R2 FAC sheets. However, our results indicate a greater equatorward extension of the FAC in summer than in winter (Figure 2) .
[80] As a conclusion, the simulated R2 FAC agree quite well with observations. Better agreement might be obtained by taking into account in the simulations the field-aligned potential drops introduced by Knight [1972] , an F 10.7 -dependent model of the auroral component of the ionospheric conductances like that of Lilensten et al. [1996] , and a more realistic magnetic field like that of Tsyganenko [1996] , as used by Ohtani et al. [2005a Ohtani et al. [ , 2005b to model the interhemispheric magnetospheric configuration asymmetry.
Summary
[81] The tilt of the magnetic dipole toward or away from the Sun, due both to a seasonal tilt of the Earth's axis and to a tilt of the dipole with respect to the Earth's axis, as well as a shift of the dipole away from the center of the Earth, have been introduced in the IMM to investigate the response of the M-I system to seasonal and diurnal variations of solar illumination.
[82] When the dipole is aligned with the Earth's axis (case NT), the IMM predicts:
[83] * seasonal variations of the Pedersen conductances and FAC by 28.5 -52.8%;
[84] * seasonal variations of the midlatitude ionospheric electric field of about 19-29%;
[85] * seasonal variations of the ion and electron maximum pressure by 0.9-3.9% and of the ion and electron maximum energy flux by 2.9-3.6%.
[86] This illustrates the fact that the seasons affect in an important way the distributions of the Pedersen conductances and the FAC but that such effects do not have much influence on the distribution of magnetospheric plasma.
[87] The dipole tilt with respect to the rotation axis (case WT) induces diurnal variations that can be summarized as follows:
[88] * diurnal variations of the Pedersen conductances and FAC by about 5.5 -29%;
[89] * diurnal variations of 1.5 -4.2% for the ion maximum pressure and 0.4-7.1% for the electron maximum energy flux.
[90] These variations are about the same order as those induced by the seasons in case NT, illustrating the fact that the diurnal and seasonal effects have to be considered simultaneously. The diurnal variations modify the interhemispheric asymmetry of the FAC by 26 -59% with respect to case NT.
[91] The shift of the dipole with respect to the center of the Earth (case WS) induces some modifications compared to the WT case that can be summed up as follows:
[92] * an increase (decrease) of the daily variations of the conductances and the R2 FAC by factors between 1.2 and 2.3 in the Southern (Northern) Hemisphere, irrespective of the season, which contributes to increase the asymmetry between the Southern and Northern Hemispheres.
[93] * an increase of the daily variations of the ion maximum pressure and of the electron maximum energy flux at the December solstice and at the March and September equinoxes, but a decrease at the June solstice. This introduces an asymmetry between the two solstices which is not predicted when the shift is disregarded. At December solstice, the increase of the pressure and the energy flux amounts to 6.7%.
[94] These results underline the importance of considering the three different variations of the conductances induced by the Earth's rotation axis tilt, the dipole axis tilt and a more realistic magnetic field like the eccentric dipole.
[95] The simulated patterns of the R2 field-aligned currents agree rather well with the observations, but a better agreement might be obtained by including additional physical effects in the IMM, like solar-activity dependence of the conductance model, a more realistic magnetic field model for the magnetosphere, and field-aligned potential drops.
